Bolts are commonly employed machine elements used for joining and fastening, and their performance and reliability influence the overall performance of machines. In this study, we have plastically worked and formed bolts using metallic glass (MG) that exhibits unique mechanical properties such as high tensile strength, low Young's modulus, and large elastic limit. The large elastic limit increases the permissible elongation range of the bolt and helps avoid bolt loosening, while the low Young's modulus effectively resists screwed-in bolt loosening by increasing the frictional forces on both bolt-nut contact area and bearing surface. We employed a zirconium-based MG Zr 55 Al 10 Cu 30 Ni 5 for our experimental investigations. A pre-form of a hexagon socket head cap screw (bolt) was fabricated by squeeze casting. Cold and warm thread rolling were performed to form a metric screw thread M3Â0:5 (class 6g (ISO)) below the glass transition temperature (T g ) using a flat rolling machine. Despite the extremely poor ductility of MG at room temperature, thread rolling was successfully performed. Straining behavior analysis by a three-dimensional finite element method demonstrated that these remarkable results are due to the compressive stress distribution induced during the thread rolling process. In addition, thread rolling is fundamentally an incremental process, and it enhances the deformability of MG by gradually improving ductility in the deformed region. The tensile strength of the thread-rolled bolt was approximately 1600 MPa, which is considerably higher than that of conventional heat-treated high strength steel bolts. MG was thus successfully employed to manufacture improved bolts.
Introduction
The mechanical properties of metallic glass (MG) are characterized by high strength and low Young's modulus, leading to an extremely high-elastic-limit strain 1, 2) that is almost ten times higher than that of steel. Further, when employing MG for manufacturing bolts, the abovementioned unique features of both high strength and low Young's modulus play important roles, especially in fastening technology. In particular, these features not only increase the clamp force but also extend the permissible range of bolt elongation, which makes it possible for a bolt to maintain a stable axial force that is critical for resistance against its loosening. In addition, bolts with low elastic constants contribute to the fastening of lightweight parts by avoiding the ''cave-in'' phenomenon that, otherwise, might occur in the low-strength parts of, for example, aluminum alloys when rigid steel bolts are used. Moreover, for lightweight parts with high rigidity (e.g., ceramics), bolts with low elastic constants increase the contact area and generate higher frictional forces, thereby leading to high resistance against loosening.
Casting is a popular method for manufacturing relatively simple-shaped MG parts. Further, among the various casting methods, squeeze casting is a popular process because it can be used to obtain more precise and complicated shapes by applying pressure while die casting. [3] [4] [5] In particular, the method using visco-plastic properties of MG in the supercooled liquid region above the glass transition temperature (T g ) makes superplastic forming very effective for forming precise parts; it also has excellent capability to transfer a profile from a die onto the workpiece. However, process stability cannot be realized without strict control of temperature, atmosphere, and other parameters.
On the other hand, cold plastic working is the conventional process used for fabricating net-shaped metallic products with high productivity. However, this method requires the workpiece to have good plastic deformability or ductility. From this viewpoint, MGs have been regarded as one of the least favorable materials for cold plastic working due to poor ductility. 6) Recently, the remarkable effects on ductility have been studied in nanocrystalline dispersed MGs. 1, 7, 8) However, specialized heat treatments are required to develop such nanostructures prior to cold working.
In this study, cold thread rolling or, to be precise, external cold thread rolling, has been applied to the thread forming of a bolt using as-cast MG. We have investigated the entire manufacturing process with special focus on the accuracy of dimensional and structural evolutions. Further, in particular, we have examined the mechanism of the cold thread rolling process involving large plastic strains. Numerical analyses have been carried out to clarify the stress distributions. Finally, we have investigated the thread forming mechanisms and the straining behavior at the stress field without rupture. We believe that these analyses can also reveal the MG forming processes for various machine parts other than bolts.
Manufacturing Procedure
A zirconium-based MG Zr 55 Al 10 Cu 30 Ni 5 was employed in this study.
1) The material 9) has a maximum strength of 1800 MPa, T g of 683 K, and melting temperature (T m ) of 1163 K. This material is favorable for bolts since its Charpy impact energy has a relatively high value of 135 kJ/m. 9) The master alloy was prepared by arc melting in an argon gas atmosphere, which was followed by re-melting to cast a * Graduate Student, Tohoku University cylindrical bar (rod) having a diameter of 5 mm. The target bolt had a metric thread of M3 (class 6g), shank length of 8 mm, and pitch of 0.5 mm, in accordance with International Standardization Organization (ISO) specifications. 10) A hexagonal socket head was used in order to screw the bolt tightly to promote the optimum utilization of the high strength of Zr-based MG.
The fabrication procedure for MG bolts is illustrated in Fig. 1 . The 5-mm diameter Zr-based MG rod was cut into small cylindrical workpieces that have the same weight as the target bolt. Subsequently, squeeze casting was performed in an argon gas atmosphere. The workpiece was heated up to 1193 K by induction heating, and a punch then squeezed the molten MG into the casting die, which was designed to make the pre-form comprising a hexagonal socket head with a straight shank (diameter: 2.60 mm).
The thread was created on the shank using the plastic working process of thread rolling at both room temperature (RT) and warm working temperature (453 K). It is known that the yield point of Zr-based MG decreases at temperatures less than T g . 6) A pair of conventional flat thread-rolling dies made of high-speed steel and having wedge-shaped teeth was installed in the mechanical thread rolling machine. The thread rolling mechanism is schematically illustrated in Fig. 1 . The straight shank part of the pre-form was inserted between the dies, and the shank was then rotated, accompanied by the displacement of the traveling die (velocity: 15 mm/s). In this manner, the thread shape was transferred from the dies to the shank surface. The grooves and ridges of the bolts were incrementally formed by progressive penetrations of the dies during six revolutions of the shank. During the experiment, a small quantity of an oil-based lubricant was applied on the pre-form.
The dimensions of the formed MG bolts were measured from optically magnified images using a vision-measuring machine. The microstructure of the MG bolts was analyzed by micro-X-ray diffraction (XRD). The tensile strength of the bolt was measured using a tensile testing machine by gripping the bolt head and the screw-in nut; the crosshead speed was 0.083 mm/s. Finally, the fractured surfaces were observed with a scanning electron microscope (SEM).
Results
Squeeze casting was applied to manufacture the pre-form comprising the bolt head and straight shank ( Fig. 2(a) ). The shank surface was sufficiently smooth for thread rolling to be performed. The as-cast pre-form was thread rolled at RT ( Fig. 2(b) ) and at 453 K. All the dimensions of the bolt were measured and met the requirements of class 6g, ISO specifications. Figure 2 (c) depicts the SEM image of the screw thread formed at RT (293 K), and Fig. 2(d) shows its magnified image. Thread rolling was successfully performed without any harmful defects present on the surfaces. Moreover, no distinctive differences were observed between the surfaces of the bolts processed at 293 K and those processed at 453 K.
The structural evolution of the thread-rolled bolt was analyzed by employing micro-XRD. Figure 3 (a) presents the XRD patterns at the surfaces of the pre-form and threaded bolt before and after plastic working, respectively. The intensity curves of the straight shank of the pre-form and the threaded shank have broad peaks, while several crystalline Bragg peaks can be observed in the case of the curves for the bolt head. These results indicate that an amorphous structure was observed at the as-cast pre-form shank and at the screw thread after thread rolling at 293 K and at 453 K, respectively. However, crystallized phases were observed at the bolt head since the cooling rate during solidification was not sufficient. The tensile maximal load of these thread-rolled bolts was measured using a tensile test machine. The tensile strength of the bolt, B , can be evaluated by using
where P f is the maximal tensile load; d 2 , the pitch diameter; and d 3 , the minor diameter of the external thread. 10) Five samples were measured to determine B . The diameters d 2 and d 3 were 2.620 and 2.331 mm, respectively, in the threadrolled bolt formed at 293 K and 2.609 and 2.320 mm, respectively, at 453 K. The maximal load P f ranged from 7470 to 7590 N and 7380 to 7550 N at 293 K and 453 K, respectively. As a result, the MG bolts formed at both 293 K and 453 K had almost the same strength of 1550-1580 MPa, which is 30% higher than 1220 MPa that is specified as the minimum value of a heat-treated high strength steel bolt by ISO.
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Discussion
MG bolts were successfully formed by cold thread rolling despite the poor ductility observed during the compression tests conducted on cylindrical MG specimens. 6) At RT, the MG fracture starts with the initiation of a crack in a maximum shear plane and rapidly propagates along the shear band through the specimens, accompanied by pseudo melting in the band due to the conversion of a large elastic strain energy. 2, 11, 12) This unique MG phenomenon induces the localization of the strain along a shear band and causes inhomogeneous deformation. [13] [14] [15] [16] This mechanism results in macroscopically small plastic strains before fracture in uniaxial compression tests.
To overcome the obstacles to the plastic working of MG, the alloy compositions and structures of MG have been previously studied so that the ductility and plastic workability can be enhanced. 1, 7, 8) One of the remarkable achievements of these investigations is copper-zirconium MG having a glassy phase and comprising nanocrystalline particles (size: approximately 5 nm); compression tests at RT have revealed a large plastic strain of 50%. 17) A crack initiated in this MG is stopped at dispersed nanocrystalline particles, and then divided into branches. This reaction induces formation of multiple slips, developing into the net-like shear bands. The behavior leads to the macroscopically high plastic strains without fracture.
In this study, a Zr-based MG having a single glassy phase was plastically worked to a large strain. In order to expand the plastic deformation without fracture, operative multiple shear bands should be generated and accumulated in the MG.
2,7)

Variations in shear bands
Shear bands generated during the thread rolling can be observed on the free surface of the screw thread. (a) (b) (c) bands were observed, and their separation measured 5-15 mm, as shown in Fig. 5(a) . Subsequently, transverse shear bands become dominant as the thread rolling progresses (Fig. 5(b) ). These shear bands were homogenously distributed over the ridge and open cracks were not observed. Finally, the ridge became smooth due to the rolling contact with dies and no shear bands were observed (Fig. 5(c) ).
Effects of stress field
During cold thread rolling, the workpieces are subject to multiple stresses and are accompanied by large plastic strains. In general, the workability of the material depends not only on the material itself but also on the deformation process or stress field during deformation. [20] [21] [22] [23] In the tensile tests, for example, the cracks generated in the specimen open up and enhance fracture.
Several indentation tests have been conducted previously using a MG plate and a steel wedge, which show that cracks occur near the groove edge formed on the MG plate. 25) These behaviors are obviously different from the formation of shear bands homogenously distributed on the ridge between the rolled grooves shown in Fig. 5(a), (b) . These open cracks are considered to be a result of the tensile stress induced along the edges when the wedge is thrust into the MG plate.
To investigate the deformation behavior of thread rolling in detail, numerical analyses using the finite element method (FEM) were conducted for the entire process. Classical plasticity theory in solid mechanics was adopted as the basic theory for the analyses. Several constitutive equations have been proposed [24] [25] [26] to explain the stress-strain behavior in the vicinity of the yield point of a MG. They describe the characteristic behavior of shear band formation taking free volume into consideration.
18) However, it is not easy to apply these models to three-dimensional large-scale analyses such as thread rolling analysis accompanied by large displacement and large strain. For the stress-strain behavior, many uniaxial compression tests were conducted for the single-phase MG, resulting in fractures with extremely small amounts of plastic strain. On the other hand, various types of nanocrystalline mixed-phase MGs have been developed to improve ductility. A moderate plastic strain has been found in these materials, while no strain hardening was observed in uniaxial compression tests. 1, 7, 8) Based on these results, we adopted an elastic-perfect-plastic body as the calculation model for MG.
A three-dimensional commercial FEM code, Deform-3D, was employed to conduct stress-strain analysis. 27, 28) The preform was divided into 48500 four-node tetragonal elements, and fine meshes were placed near the shank surface due to steep strain gradients in the region. Remeshings were executed automatically by the code. Young's modulus and the flow stress of Zr-based MG were 90 GPa and 1800 MPa, respectively. As boundary conditions, two flat rolling dies were assumed to be rigid and the rolling velocity was 15 mm/s. The friction coefficient between the pre-form and dies was determined to be 0.2. Assuming isothermal conditions due to the moderate working velocity, the effects of both the strain rate and temperature variations during the process were neglected in this simulation. 24) Figures 6(a) and 6(b) present the calculation results of the distributions of the effective stress and mean stress, respectively, in the cross section at the middle of the pre-form shank after three revolutions. The plastic deformation occurs in the area enclosed by a contour curve A (Fig. 6(a) ), in which the effective stress is more than 1800 MPa. These regions are limited to the periphery of the contact faces with the dies, while low stresses are dominant inside the cylindrical specimen in which elastic deformation occurs. The stress distribution leads to suppression of the shear localization by blocking of the local shear bands from spreading into the interior of the cylindrical specimen, and the abrupt failure that is observed in uniaxial compression tests is avoided. 1, 6, 18, 23) Figure 7 presents the stress field, including the calculation results of the distribution of (a) effective stress, (b) effective strain, (c) mean stress, and (d) axial stress in the transverse cross section. The axes of the shank and contact line with flat dies are placed on the same plane in these figures. The plastically deformed region lies between the surface and the contour curve of 1800 MPa in the shaded area in Fig. 7(a) . Figure 7 (c) demonstrates that the mean stress is negative over the entire region of the shaded area of the plastically deformed region in Fig. 7(a) ; this is also observed in the cross section in Figs. 6(a) and 6(b). The calculation results also reveal that this relationship between effective and mean stresses persists throughout the thread rolling.
In the axial direction of the bolt, the screw thread is geometrically constrained by thread rolling dies. This constraint results in a negative axial stress near the screw thread, as shown in Fig. 7(d) , which contributes to the compressive mean stress in the plastically strained region. This geometrical feature distinguishes the stress field of the thread rolling from that in the previous simple wedge indentation test. 25) The Zr-based MG with a single glassy phase was smoothly plastically worked as if it were a conventional metal alloy. The thread rolling is performed under multiple stresses with a negative mean stress in the straining region throughout the process. The compressive mean stress contributes to the precise formation of the thread screw even at RT by inhibiting destructive crack propagation. [20] [21] [22] A steep strain gradient is observed near the surface (Fig. 7(b) ). The strain at the periphery of the root of the bolt exceeds 1.2. Since the thread was intermittently rolled six times (three revolutions of the shank) by thread rolling dies, the strain per rolling was 0.2 on an average. In a previous study, flat plate rolling for MG 29, 30) was performed with a very small strain per pass ranging from 0.002-0.005 in order to avoid the generation of cracks; the strain with the thread rolling in this study was more than 50 times this strain as a result of compressive mean stresses.
4.3 Improvement in ductility during working (effects of preliminarily introduced shear bands) It has been reported that the shear bands preliminarily introduced by cold rolling enhance the ductility of MG. 29) In an advanced study, it has been shown that the ductility depends on the direction of the pre-introduced shear band. 30) High densities of operative shear bands are accumulated by slight reductions in repeated cold rolling, which lead to multiple shear formation and development of net-like shear band.
29) The benefits from these preliminarily introduced shear bands suggest the possibility of the plastic working of MG at RT.
Thread rolling is a fundamentally incremental forming process (Fig. 1) . Progressive indentation by thread rolling dies introduces preliminary shear bands around the grooves, and repetition of the processes expands the plastically deformed area. As a result, thread rolling gradually improves the ductility in the deformed region by taking advantage of the preliminarily introduced strain effects through incremental forming and accumulation of operative shear bands in the MG with a single glassy phase.
Tensile strength of MG bolt
A bolt made of thread-rolled MG has the highest tensile strength among all the conventional bolts. The fracture position and angle of the rupture face in the direction of the bolt axis are equivalent to those of conventional bolts with appropriate ductility. Since the rupture behavior of the MG bolt is similar to that of a ductile conventional metal alloy bolt, we can expect it to be reliable as well as exhibit the remarkable mechanical characteristics of MG. Further studies are required to determine the design and fastening conditions of MG bolts as well as the fatigue properties resulting from the material defects inside MG bolts.
Conclusion
A Zr-based MG bolt with a single glassy phase was successfully produced by cold thread rolling. From experimental investigations and analyses, we found that the mechanisms of the plastic deformation are as follows:
(1) Straining occurred over a limited area near the surface of the cylindrical specimen due to the stress distributions during thread rolling. (2) Large plastic strain without destructive crack propagation is induced at the screw thread due to the compressive mean stress distributions developed throughout the thread rolling process. (3) Fundamentally, thread rolling is an incremental formation process. The effects of preliminarily introduced strain work favorably by increasing the MG ductility in the deformed region. We believe that the process design based on these mechanisms of plastic working of MG can significantly contribute to improvements in MG applications.
